Introduction
============

Portal hypertension is the most important complication of cirrhosis and is a leading cause of mortality and liver transplantation worldwide \[[@b1]\]. A characteristic feature of the portal hypertensive syndrome is the development of a hyperdynamic splanchnic circulation with an increase in blood flow in splanchnic organs draining into the portal vein and a subsequent increase in portal venous inflow \[[@b1]\]. Such an increased portal venous inflow represents a significant factor maintaining and worsening the portal pressure elevation. Portal hypertension is also characterized by the formation of portosystemic collateral vessels and gastroesophageal varices, which are responsible of most clinical consequences of portal hypertension \[[@b1]\]. We have recently demonstrated that angiogenesis, the development of new blood vessels, is a crucial process both for development and maintenance of the hyperdy-namic splanchnic circulatory syndrome and the portosystemic collateral circulation in portal hypertension \[[@b2]\].

Somatostatin is a regulatory peptide characterized by a wide spectrum of biological actions that has been successfully used in the management of bleeding gastroesophageal varices in patients with chronic liver disease \[[@b5]\]. The precise mode of action of somatostatin and its analogues on portal hypertension is, however, still unclear. Recently, several studies have focused on the possible anti-proliferative effect of this peptide. Thus, octreotide, a synthetic octapeptide analogue of naturally occurring somatostatin, with similar pharmacological effects but with a prolonged duration of action, has been shown to be a powerful inhibitor of cell proliferation and neovascularization in several experimental models \[[@b7]\], and therefore represents a novel therapeutic avenue to combat several angiogenesis-related diseases \[[@b11]\]. The angioinhibitory properties of octreotide are predominantly mediated by the high affinity somatostatin subtype 2 receptor (SSTR2) \[[@b13]\]. The possible anti-angiogenic effects of octreotide have not been characterized in portal hypertension as yet. Hence, in the present study, we determined the role of octreotide as an inhibitor of angiogenesis in portal hypertensive rats.

Materials and methods
=====================

Materials
---------

Octreotide was purchased from Novartis (Basel, Switzerland). Polyclonal antibodies against rat CD31, vascular endothelial growth factor (VEGF), SSTR2 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were from Santa Cruz Biotechnology (Santa Cruz, California, USA). Monoclonal antibody against rat endothelial nitric oxide synthase (eNOS) was from BD Biosciences (Franklin Lakes, New Jersey, USA). Polyclonal antibody against rat heme oxygenase-1 (HO-1) and peroxidase-conjugated secondary antibodies were from Stressgen (Sidney, Canada). ^51^Cr-labeled micros-pheres were from Perkin-Elmer (Boston, Massachusetts, USA). Protein assay kit was from Bio-Rad (Hercules, California, USA). Polyvinylidine difluoride (PVDF) membranes were from Millipore (Billerica, Massachusetts, USA). All other reagents and chemicals were from Sigma (St Louis, Missouri, USA).

Animals and treatments
----------------------

Portal hypertension was induced in male Sprague-Dawley rats (300--350 g body weight) by partial portal vein ligation (PPVL) as previously described \[[@b14]\]. Briefly, under anesthesia (80 mg/kg ketamine plus 12 mg/kg xylacine, intraperitoneally), a calibrated constriction of the portal vein was performed with a single ligature of 3-0 silk tied around the portal vein and a 20-gauge blunt-tipped needle. The needle was then removed, leaving a calibrated constriction of the portal vein. In sham-operated rats, the portal vein was isolated and similarly manipulated but not ligated.

In a first experimental protocol, PPVL rats received a 50 μg/kg dose of octreotide (n = 7) or vehicle (500 μl of 0.9% NaCl; n = 7) by subcutaneous injection every 12 hrs for 4 consecutive days, starting immediately after PPVL. In a second protocol, PPVL rats were treated with octreotide (50 μg·kg^−1^·12 hr^−1^; n = 8), or vehicle (n = 8) from PPVL to day 7. In all groups, the last dose of octreotide or vehicle was injected 90 min before studies. All procedures were approved by the Ethics Committee of the University of Barcelona.

Hemodynamic studies
-------------------

Under anesthesia, PE-50 catheters were introduced into a femoral artery and the portal vein and connected to highly sensitive pressure transducers to measure arterial pressure (MAP, mmHg) and portal pressure (PP, mmHg), respectively. Then, a non-constrictive perivascular transit-time ultrasonic flowprobe (Transonic Systems, New York, USA) was placed around the superior mesenteric artery and connected to a flowmeter to measure superior mesenteric artery blood flow (SMABF, ml⋅min^−1^⋅100 g^−1^). Superior mesenteric artery resistance (SMAR, mmHg⋅ml^−1^⋅min^−1^(100 g^−1^) was calculated as: (MAP--PP)/SMABF \[[@b15]\].

Determination of the extent of portosystemic collateral vessel formation
------------------------------------------------------------------------

The extent of portosystemic collateralization was quantified by injection of ^51^Cr-labeled microspheres (15 ± 3 μm in diameter; specific activity 52.68 mCi/g) directly into the spleen \[[@b2]\]. Rats were then sacrificed and radioactivity in liver and lungs was counted in a gamma-scintillation counter. This allows to quantify the degree of collateral formation in a 0--100% scale by the equation: collateralization (%) = (lungs radioactivi-ty/\[lungs radioactivity + liver radioactivity\]) x 100.

Western blot analysis
---------------------

Tissue samples (intestinal mucosa from jejunum) were homogenized in ice-cold lysis buffer containing 50 mM Tris-HCl (pH 7.4), 0.1 mM EGTA, 0.1 mM EDTA, 2 mM leupeptin, 1 mM phenylmethylsulphonyl fluoride, 1% Nonidet P40, 0.1% sodium dodecyl sulfate and 0.1% deoxycholate. The homogenate was centrifuged at 10,000 g for 30 min. The supernatant was processed for determination of total protein concentration by using a colorimetric assay. Proteins were separated by SDS-PAGE electrophoresis and subsequently transferred to PVDF membranes. Non-specific binding sites in the membranes were blocked with 5% non-fat dry milk in incubation buffer before addition of antibodies against rat VEGF, CD31, SSTR2, eNOS or HO-1. Following incubation, membranes were washed and exposed to horseradish peroxidase-conju-gated secondary antibody. After washing, blots were visualized using enhanced chemiluminescence. Quantification of expression normalized to the housekeeping protein GAPDH was measured by computer-assisted densitometry \[[@b2]\]. The Western blot analysis was repeated to confirm reproducibility using the samples collected from three individual rats of each experimental group.

Measurement of vascular areas
-----------------------------

Tissue samples (mesentery) were fixed in 10% neutral-buffered formalin and embedded in paraffin. Tissues were sectioned (thickness of 2 μm), and slides were stained with hematoxylin and eosin (H&E). Quantitative analysis of angiogenesis was performed with the assistance of ImageJ 1,37v software (NIH, Bethesda, MD) by scanning the entire tissue section and counting the areas occupied by vascular structures. We obtained a value from each tissue section (one section per rat) and then averaged the results from individual sections in each experimental group (four sections per group). Group values reflect the average readings from all sections in the group. The results of neovascularization measurements are expressed as the mean area (±SEM; expressed in square micrometers) occupied by vascular structures within a tissue field measuring 1 mm^2^.

Statistics
----------

All data were expressed as mean ± SEM. Unpaired Student\'s t-test and ANOVA were used for statistical analysis and *P* \< 0.05 was accepted as significant.

Results
=======

Effects on splanchnic neovascularization and VEGF expression.
-------------------------------------------------------------

To evaluate the effects of octreotide on splanchnic neovasculariza-tion, we determined the protein expression of CD31, an endothelial cell marker that has been widely used as an index of angiogenesis \[[@b2]\], as well as the expression of the angiogenic growth factor VEGF in the intestine from portal hypertensive rats. Western blot analysis showed a significant reduction of the expression of CD31 (38% decrease; *P* \< 0.01) and VEGF (63% decrease; *P* \< 0.05) after a 4-day octreotide treatment compared with vehicle ([Fig. 1](#fig01){ref-type="fig"}). However, these anti-angiogenic effects of octreotide were not observed after treatment for 7 days. Thus, CD31 protein expression was not significantly different when comparing octreotide-treated and vehicle-treated portal hypertensive rats ([Fig. 1](#fig01){ref-type="fig"}). Similarly, VEGF expression was not significantly modified by the 7-days octreotide treatment in portal hypertensive animals ([Fig. 1](#fig01){ref-type="fig"}).

![Expression of VEGF and CD31 in the intestine of portal hypertensive rats treated with octreotide or vehicle during 4 or 7 days after induction of portal hypertension by partial portal vein ligation (PPVL). Representative blots for VEGF, CD31 and the housekeeping protein GAPDH are shown at the left and quantification of expression normalized to GAPDH and expressed as arbitrary units is shown at the right.](jcmm0012-1690-f1){#fig01}

To further characterize the effects of octreotide on splanchnic neovascularization in portal hypertensive rats, we also performed histological analysis and quantification of vascular areas on rat mesenteric sections. As shown in [Figure 2](#fig02){ref-type="fig"}, the mesentery from portal hypertensive rats treated with vehicle was intensely neovascularized both at day 4 and at day 7 after PPVL. This increased vascular area was significantly reduced, by 64%, after treatment with octreotide for a 4-day period, but not when the treatment took place during 7 days. Therefore, these findings further confirmed those observed using the western blot technique.

![Effect of octreotide administration on the splanchnic neovascularization of portal hypertensive rats. Treatment with octreotide or vehicle was performed from PPVL to day 4^th^ or from PPVL to day 7^th^. Representative histological images of mesentery sections stained with H&E (original magnification x40) are shown at the left, and quantitative analysis of vascular areas is shown at the right.](jcmm0012-1690-f2){#fig02}

Effects on portosystemic collateral circulation
-----------------------------------------------

There was a tendency for the extent of collateral vessel formation to be lower (16% decrease) in portal hypertensive rats treated with octreotide from the day of PPVL to day 4^th^ than in vehicle-treated portal hypertensive rats, but this change was not statistically significant (P = 0.18; [Fig. 3](#fig03){ref-type="fig"}). This tendency was not observed when treatment with octreotide was started immediately after PPVL and terminated 7 days later (P = 0.57; [Fig. 3](#fig03){ref-type="fig"}).

![Formation of portosystemic collateral vessels in portal hypertensive rats treated with octreotide or vehicle during 4 or 7 days after induction of portal hypertension by PPVL.](jcmm0012-1690-f3){#fig03}

Effects on SSTR2 expression
---------------------------

We also measured the expression of the SSTR2 receptor, which predominantly mediates the anti-angiogenic effects of octreotide \[[@b13]\]. SSTR2 protein was expressed in the intestine from sham-operated rats. Remarkably, after induction of portal hypertension, there was a progressive decline of SSTR2 expression over time, with a 40% decrease at day 4 after PPVL (P = 0.19) and up to a 78% reduction at day 7 after PPVL (P \< 0.01), compared with sham-operated rats ([Fig. 4](#fig04){ref-type="fig"}). Treatment with octreotide during either 4 or 7 days from PPVL did not significantly modify SSTR2 expression compared with the corresponding vehicle-treated groups ([Fig. 4](#fig04){ref-type="fig"}).

![Expression of the somatostatin subtype 2 receptor (SSTR2) in the intestine of sham-operated control rats and portal hypertensive rats treated with octreotide or vehicle during 4 or 7 days after induction of portal hypertension by PPVL. Representative blots for SSTR2 and the housekeeping protein GAPDH are shown at the left and quantification of expression normalized to GAPDH and expressed as arbitrary units is shown at the right. Quantification of SSTR2 expression normalized to GAPDH and expressed as percentage of sham-operated control rats is also shown at the bottom, illustrating the progressive down-regulation of SSTR2 expression during the evolution of the portal hypertensive syndrome in rats.](jcmm0012-1690-f4){#fig04}

Hemodynamic effects
-------------------

Octreotide treatment during 4 days, starting immediately after PPVL, caused no significant changes in MAP, SMABF and SMAR ([Fig. 5](#fig05){ref-type="fig"}), but octreotide significantly decreased PP by 15% (*P* \< 0.05; [Fig. 4](#fig04){ref-type="fig"}) and heart rate by 11% (326.86 ± 8.49 versus291.0 ± 10.99 beats/min; *P* \< 0.05), compared with vehicle-treated PPVL rats. Octreotide administration during 7 days, commencing the day of PPVL, did not cause any significant change in MAP, SMABF and SMAR ([Fig. 5](#fig05){ref-type="fig"}). PP decreased significantly, by 20%, in PPVL rats treated with octreotide for 7 days, compared with vehicle-treated PPVL rats (*P* \< 0.05; [Fig. 5](#fig05){ref-type="fig"}), and heart rate decreased by 16% (345.3 ± 22.16 beats/min in the vehicle group and 291.7 ± 14.54 beats/min in the octreotide group; *P* \< 0.05).

![Mean arterial pressure, portal pressure, superior mesenteric artery blood flow and resistance in portal hypertensive rats treated with octreotide or vehicle during 4 or 7 days after induction of portal hypertension by PPVL.](jcmm0012-1690-f5){#fig05}

Effects on eNOS and HO-1 expression
-----------------------------------

To assess whether the lack of an effect on SMABF after octreotide treatment, despite a decrease in splanchnic neovascularization, was due to a compensatory increase in vasodilatation, we determined the effects of octreotide on the expression of the vasodila-tory enzymatic systems eNOS and HO-1. Protein expression of eNOS was not significantly modified either by the 4-days or 7-days octreotide treatment in the intestine from portal hypertensive rats, compared with vehicle ([Fig. 6](#fig06){ref-type="fig"}). Interestingly, the intestinal expression of HO-1 increased markedly and significantly after octreotide treatment in portal hypertensive rats, both in the 4-days treatment group (148% increase; *P* \< 0.05) and in the 7-days treatment group (113% increase; *P* \< 0.01) compared with vehicle-treated portal hypertensive rats ([Fig. 6](#fig06){ref-type="fig"}).

![Expression of eNOS and HO-1 in the intestine of portal hypertensive rats treated with octreotide or vehicle during 4 or 7 days after induction of portal hypertension by PPVL. Representative blots for eNOS, HO-1 and the housekeeping protein GAPDH are shown at the left and quantification of expression normalized to GAPDH and expressed as arbitrary units is shown at the right.](jcmm0012-1690-f6){#fig06}

Discussion
==========

The present study demonstrates that, early after the induction of portal hypertension, the somatostatin analogue octreotide significantly decreases the extent of splanchnic neovascularization as well as the expression of the growth factor VEGF in splanchnic organs from PPVL rats compared with vehicle-treated portal hypertensive animals. To our knowledge, our study uncovers a novel role of the somatostatin/octreotide signaling in mediating anti-angiogenic effects during portal hypertension.

Interestingly, this angioinhibitory activity was displayed only when octreotide was administered from the day of PPVL to day 4^th^. However, after 1 week of daily octreotide injection, inhibition of angiogenesis escaped from octreotide therapy. Thus, levels of intestinal CD31 and VEGF proteins in portal hypertensive rats treated with octreotide from the day of PPVL to day 7^th^ were found to be comparable to those in vehicle-treated portal hypertensive animals. Furthermore, quantitative analysis of neovascu-larization demonstrated that the mesentery from PPVL rats was intensely neovascularized and this increased vascular area was markedly decreased after treatment with octreotide for 4 days, but not for 7 days.

The molecular basis of the escape phenomenon experienced by these rats are yet to be understood. It should be noted that the anti-angiogenic activity of octreotide is predominantly mediated by the receptor subtype SSTR2 \[[@b13]\]. Our study demonstrates for the first time the presence of SSTR2 in the intestinal mucosa of portal hypertensive rats and a progressive down-regulation of this receptor during the evolution of portal hypertension. Thus, SSTR2 expression decreased by 40% at day 4 and by 78% at day 7 after PPVL, compared with sham-operated rats. This robust decline in SSTR2 expression may be a major reason explaining why octreotide treatment for 7 days had no marked anti-angiogenic effect on portal hypertensive rats. It is worthwhile mentioning that SSTR2 expression in portal hypertensive rats was not affected by octreotide treatment, suggesting that octreotide administration by itself did not contribute significantly to further down-regulate the expression of the SSTR2 receptor. These results also illustrate an important point; that the prevalence of SSTR2 expression on splanchnic blood vessels is a key factor governing the efficacy of somatostatin analogues as inhibitors of angiogenesis in rats with portal hypertension.

The mechanism by which SSTR2 expression diminishes during the evolution of portal hypertension is at present unknown. Interestingly, several lines of evidence suggest that SSTR2 is uniquely down-regulated in endothelial cells during angiogenesis \[[@b10]\]. Thus, it has been previously demonstrated that SSTR2 is strongly expressed in normal pancreas, whereas expression of this receptor is frequently lost in pancreatic tumors \[[@b16]\]. In addition, normal human retina displays strong SSTR2 expression, whereas in eyes with late stages of age-related maculopathy, characterized by choroidal neovascularization, SSTR2 is expressed at low levels or not expressed at all \[[@b18]\]. In our present study, SSTR2 was progressively down-regulated in the intestinal mucosa upon the onset of angiogenic signaling in the splanchnic vascula-ture of portal hypertensive rats, suggesting that angiogenesis could trigger SSTR2 down-regulation in this experimental model. By contrast, other studies have found that a large variety of tumors are rich in SSTR2 \[[@b5]\]. The reason for this discrepancy is unclear but may be due in part to tissue-specific differences in the expression of somatostatin receptors.

In the present study, we also determined the effects of octreotide on the formation of portosystemic collateral vessels, which is, in part, a VEGF-dependent angiogenic process in portal hypertension. Octreotide decreased the extent of collateral formation by 16% after 4 days of treatment compared with vehicle-treated portal hypertensive rats, but the difference did not reach statistical significance (P = 0.18). After 7 days of treatment, there was no change in collateral formation. The dissociation observed between a marked and significant anti-angiogenic response to octreotide in splanchnic organs and a modest non-significant effect on portosystemic collateral vessel formation may reflect that SSTR2 is expressed in collateral vessels but with a relatively lower abundance than in the splanchnic blood vessels. Moreover, the lack of effect after 7 days of octreotide treatment suggests reduction in SSTR2 expression in collateral vessels during the progression of the portal hypertensive syndrome, similar to the observed in the splanchnic vasculature.

Another novel finding of the present study is that octreotide treatment resulted in a marked and significant up-regulation of HO-1 expression in the intestinal mucosa of portal hypertensive rats. This HO-1 induction was observed both after 4 days of octreotide treatment (148% increase) and after treatment for 7 days (113% increase). Therefore, there was not an escape phenomenon to the octreotide-induced HO-1 up-regulation, suggesting that this effect of octreotide was not mediated through binding to the SSTR2 receptor.

This splanchnic HO-1 overexpression after octreotide treatment may have relevant implications, mainly taking into account that it occurs on top of the previously demonstrated HO-1 upreg-ulation in splanchnic organs of portal hypertensive rats \[[@b19]\]. HO-1 activity plays an important role in cellular protection against oxidative injury \[[@b13]\]. This is related to the fact that this enzymatic system breaks down heme, thereby mitigating the hazardous cellular effects of this pro-oxidant. In addition, HO activity produces biliverdin, which is converted to bilirubin by the action of biliverdin reductase. Both biliverdin and bilirubin are potent antioxidants. Moreover, the enzymatic HO activity generates carbon monoxide (CO), which in addition of being a potent vasodilator also has anti-inflammatory properties \[[@b21]\]. Recently, we have demonstrated that HO-1 up-regulation constitutes an important antioxidant mechanism in portal hypertensive rats \[[@b22]\]. Therefore, by up-regulating HO-1, octreotide may have a beneficial effect reducing oxidative stress and inflammatory responses in splanchnic organs from portal hypertensive rats. Interestingly, recent studies have demonstrated that octreotide protects against intestinal and colonic damage associated with enteritis or colitis, respectively, through anti-inflammatory and antioxidant effects mediated by octreotide-induced HO-1 overexpression \[[@b24]\]. Altogether, these results suggest that the already demonstrated anti-inflammatory activity of somatostatin and its analogues could be at least partly mediated through HO-1 upregulation \[[@b26]\].

HO-1 produces the powerful vasodilator CO, which contributes significantly to the development and maintenance of splanchnic hyperdynamic circulation in chronic portal hypertension \[[@b19]\]. An increased CO-mediated splanchnic vasodilatation in response to octreotide could explain why, in the present study, splanchnic blood flow was not significantly reduced despite a marked decrease in splanchnic neovascularization in portal hypertensive rats receiving octreotide from PPVL to day 4. In other words, octreotide treatment could decrease the number of splanchnic blood vessels but simultaneously increase the vasodilatation of these vessels the net effect being a lack of change in splanchnic blood flow. The presence of an adaptive response between vasodilators aimed at maintaining vasodilatation in portal hypertension has also been previously reported \[[@b15]\]. Our results suggest that such compensatory mechanism does not involve increased NO production since eNOS protein expression was not significantly modified after octreotide in portal hypertensive rats.

Emerging evidence indicates the participation of HO-1 in angio-genesis \[[@b28]\], and we have also recently demonstrated that HO-1 activity up-regulates VEGF expression in portal hypertensive rats \[[@b22]\]. Based on these findings, it could be possible that the effect of octreotide decreasing VEGF expression and angiogenesis observed in our present study was partly counteracted by a simultaneous increase in VEGF expression stimulated by the octreotide-dependent HO-1 induction. Such dual effect of octreotide inhibiting and stimulating VEGF expression may have important therapeutical implications. Thus, the pronounced ability of octreotide to decrease VEGF expression seems to be primarily an SSTR2-dependent effect, which may not be observed when SSTR2 expression is down-regulated, like in advanced portal hypertension. These results suggest that an anti-angiogenic therapy with octreotide will be effective only if administered in the earliest stages of portal hypertension, when predominates the angioin-hibitory activity of octreotide mediated through SSTR2-dependent VEGF inhibition. However, in advanced stages of portal hypertension, the ability of octreotide to inhibit angiogenesis mostly disappears as a result of the marked decline in SSTR2 expression, prevailing the HO-1-dependent pro-angiogenic effect of octreotide.

Regarding the hemodynamic effects of the somatostatin analogue in portal hypertensive rats, we found a significant decrease in PP both after 4 days (15% decrease) and 7 days (20% decrease) octreotide treatment, without any significant effect on SMABF or SMAR. Heart rate was also significantly reduced after octreotide treatment during 4 as well as 7 days. Our present results are in line with previous reports, although others have shown a lack of effect of octreotide in chronic portal hypertension \[[@b6]\]. In our current study, measurement of hemodynamic parameters was carried out 90 min after the last octreotide injection. In preliminary studies, we measured hemodynamics 4 hrs after the final dose of octreotide and we did not find any significant effect (data not shown). Such evidence suggests that the hemody-namic effects of octreotide are short lasting. These issues also stress that carefully designed experimental studies are essential to investigate the effects of octreotide in portal hypertension, emphasizing determination of tissular SSTR status as well as optimization of doses and regimens of administration \[[@b30]\].

In conclusion, the present study demonstrates that the somato-statin analogue octreotide inhibits splanchnic neovascularization and VEGF expression in portal hypertensive rats by a mechanism primarily SSTR2-dependent. Our results also indicate that the expression of SSTR2 is down-regulated during the progression of the portal hypertensive syndrome in rats. This progressive decline in SSTR2 expression determines that octreotide may be an effective anti-angiogenic therapy only in early stages of splanchnic neo-vascularization in portal hypertension, but not in advanced portal hypertension, when SSTR2 is down-regulated. In addition, this is the first study showing that octreotide up-regulates HO-1 expression in rats with portal hypertension. Overall, our findings shed light on new mechanisms of action of somatostatin and its agonists in portal hypertension, and may have implications for many other diseases whose pathogenicity is mediated by angiogenesis.
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